The electrophoretic mobility of a curved DNA restriction fragment taken from the VP1 gene in the SV40 minichromosome has been measured in polyacrylamide gels and free solution, using capillary electrophor- The 'curvature module' surrounding the apparent bend center contains five unevenly spaced A-and T-tracts, which are responsible for the observed curvature. The parent 199 bp fragment and sequence mutants containing at least one A-tract in the curvature module migrate anomalously slowly in free solution, as well as in polyacrylamide gels. Hence, the anomalously slow mobilities observed for curved DNA molecules in polyacrylamide gels are due in part to their anomalously slow mobilities in free solution. Analysis of the gel and free solution mobility decrements indicates that each A-or T-tract contributes independently, but not equally, to the curvature of the 199 bp fragment and its A-tract mutants. The relative contribution of each A-or T-tract to the observed curvature depends on its spacing with respect to the first A-tract in the curvature module.
INTRODUCTION
It has been known for many years that curved DNA molecules migrate anomalously slowly in polyacrylamide gels, compared with normal DNA molecules containing the same number of base pairs (1, 2) . The anomalously slow mobilities have been attributed to the curvature of the helix backbone because curved DNA molecules have larger cross-sectional areas than normal DNA molecules of the same size and therefore require larger pores to migrate through the gel matrix, behaving electrophoretically as though they were larger than their true sizes (1, 3, 4) . Several empirical equations have been developed to relate the extent of DNA curvature to the magnitude of the mobility anomalies observed under specific gel-running conditions (5) (6) (7) (8) (9) .
Attributing the anomalously slow mobilities observed for curved DNA molecules in polyacrylamide gels to the restrictive pore size of the gel matrix is intuitively reasonable, and is consistent with the fact that the mobility anomalies increase with increasing polyacrylamide gel concentration (1-3), i.e. decreasing gel pore size (10) . However, if this explanation is correct, it should be possible to eliminate the gel mobility anomalies by increasing the gel pore size sufficiently. There are two methods of increasing the pore size of a polyacrylamide gel-decreasing the acrylamide concentration at constant crosslinker concentration, the usual method of increasing the gel pore size, or decreasing the percentage of the crosslinker in gels with a constant acrylamide concentration (10) (11) (12) .
Previous studies (12, 13) , using DNA molecules containing multiple copies of curved and normal 147 bp restriction fragments taken from plasmid pBR322, showed that a curved fragment (called 12A) and its multimers migrated more slowly than the corresponding normal fragment (called 12B) and its multimers, even when the acrylamide concentration was reduced to the limit at which a gel can be formed. If the gel pore size was increased by decreasing the crosslinker concentration at constant acrylamide concentration, anomalously slow mobilities were observed for fragment 12A and its multimers if the effective gel pore radius was smaller than the radius of gyration of the multimer. When the effective gel pore radius was larger than the radius of gyration, the mobility anomalies leveled off and became constant with increasing gel pore size (13) .
One explanation of these results is that curved DNA molecules are transiently trapped by the polyacrylamide gel fibers during electrophoresis, causing curved DNAs to be retarded more than normal DNA molecules containing the same number of base pairs. However, another possibility is that curved and normal DNA molecules of the same size have different mobilities in free solution and therefore exhibit different mobilities in large-pore polyacrylamide gels. The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org Here, we have addressed this question directly by measuring the gel and free solution mobilities of curved and normal DNA molecules that have the same molecular weight but are characterized by different degrees of curvature. The target fragment is a 199 bp restriction fragment taken from the VP1 gene of the SV40 minichromosome. Recent transient electric birefringence studies have shown that this restriction fragment contains an apparent bend of 46 ± 2 located at SV40 sequence position 1922 ± 2 bp (14) . This sequence position is defined as the apparent bend center in the following discussion. The apparent bend angle is nearly independent of ionic strength, indicating that the 199 bp fragment is stably curved, rather than anisotropically flexible, as discussed in detail elsewhere (14) . The apparent bend angle is also independent of temperature from 4 to 37 C (14) , suggesting that the curvature of the VP1 gene at this sequence location is apt to be biologically important.
The 60 bp sequence surrounding the apparent bend center contains four A-and T-tracts of various lengths plus a mixed A 3 T 4 sequence motif, as shown in Scheme 1. For brevity, this 60 bp sequence element is called the 'curvature module.' Replacing the curvature module with a same-sized fragment of normal DNA taken from an uncurved region of plasmid pUC19 (15) causes the modified SV40 construct to adopt a normal conformation in free solution (14) . Hence, the 60 bp curvature module is necessary and sufficient to cause stable curvature of the DNA helix backbone.
Scheme 1 shows SV40 sequence from 1905 to 1965 bp, with the location of the apparent bend center denoted by a vertical arrow. The individual A-and T-tracts in the curvature module are designated in bold by the compact notation, A 6 , A 4 T, A 4 , A 3 T 4 and T 7 that will be used in the subsequent text. Note that the second A-tract is designated A 4 T, both to distinguish it from the following A 4 -tract and in recognition of the fact that thymine residues following an A-tract exhibit many of the properties of the preceding adenine residues (16) (17) (18) (19) .
Since the A-and T-tracts in the SV40 curvature module are of different lengths, have different sequences and are not regularly spaced with respect to the helix repeat, it is not clear whether they contribute equally to the curvature of the 199 bp fragment. To investigate this question, each of the A-and T-tracts in the curvature module was modified by sitedirected mutagenesis. The electrophoretic mobilities of the parent 199 bp fragment and its A-tract mutants were then measured in polyacrylamide gels and free solution, using capillary electrophoresis.
The results indicate that curved DNA molecules that migrate anomalously slowly in polyacrylamide gels also migrate anomalously slowly in free solution. Hence, the anomalously slow mobilities observed for curved DNA molecules in polyacrylamide gels are due, at least in part, to their intrinsically lower free solution mobilities. Analysis of the mobility decrements observed in polyacrylamide gels and free solution indicates that each of the A-tracts in the curvature module contributes additively, but not equally, to the curvature of the parent 199 bp fragment. The relative importance of each A-or T-tract appears to be determined by its phasing with respect to the first A-tract in the curvature module.
MATERIALS AND METHODS

DNA samples
The parent 199 bp restriction fragment used for the present studies was prepared by adding BamHI linkers to an SV40 fragment with coordinates 1826-2017 and subcloning the construct into plasmid pUC19, using methods described previously (14, 15) . After large-scale plasmid preparation, the desired fragment was isolated by BamHI digestion and agarose gel electrophoresis. The agarose was dissolved with a chaotropic salt (Qiagen QIAquick Gel Extraction Kit) and the DNA was concentrated and desalted by adsorption on small DEAE columns. After elution from the column and ethanol precipitation, the DNA was redissolved in T0.1E (10 mM Tris-HCl buffer, pH 8.0 and 0.1 mM EDTA) and stored at À20 C until needed. The integrity of the 199 bp fragment was verified by sequencing.
The A-and T-tracts in the parent 199 bp fragment were modified by site-directed mutagenesis, using standard methods (20) . The forward primers contained 35-45 nt with 1-3 single residue mismatches near their centers; the reverse primers were the reverse complements of the forward primers. The DNAs were amplified with Pfu polymerase for 24 cycles using temperatures of 95 C for 45 s, 56-62 C (5 C below the melting temperature) for 45 s and 72 C for 1 min, with a final extension step of 72 C for 1 min. The PCR-amplified mutants were purified by digesting the template with DpnI, which digests only methylated cytosine residues. The PCR products were then transformed into One Shot MAX Efficiency DH5a-T1 cells and were spread on Luria-Bertani-ampicillin plates. Plasmid DNAs were isolated using the Qiaprep Spin Miniprep Kit (Qiagen) and were analyzed by restriction enzyme digestion and agarose gel electrophoresis. Desirable mutants were sequenced to verify their identities, subcloned into pUC19 and purified as described above. Subcloning into pUC19 was necessary to eliminate small molecular weight heterogeneities in the PCR-amplified fragments (data not shown).
The normal DNA fragments used in the gel electrophoresis experiments were the fragments of a 50 bp ladder (Invitrogen, Carlsbad, CA). The normal DNA fragments used as controls in the capillary electrophoresis experiments were isolated from plasmids pUC19, pBR322 or Litmus 28, contain 79-789 bp, have no or only a few isolated A n -or T n -tracts (n > 4), have normal transient electric birefringence relaxation times and exhibit normal electrophoretic mobilities in polyacrylamide gels, indicating that they have normal conformations in free solution (15) . The preparation and characterization of these fragments is described elsewhere (15) .
PAGE
The parent 199 bp fragment and its A-tract derivatives were characterized by electrophoresis in polyacrylamide gels 7 , that will be used in the subsequent text. Note that the second A-tract is designated A 4 T, both to distinguish it from the following A 4 -tract and in recognition of the fact that thymine residues following an A-tract exhibit many of the properties of the preceding adenine residues (16) (17) (18) (19) . containing 6.9% T (total acrylamide, w/v acrylamide and N,N 0 -methylenebisacrylamide (bis)] and 3% C (crosslinker, w/w bis/total acrylamide), using methods described in detail previously (10, 11) . The gels were cast and run in 40 mM TAE buffer (40 mM Tris and 1 mM EDTA, brought to pH 8.0 with glacial acetic acid) at 4 C, using an electric field strength of 5.0 V/cm. All gels were aged overnight to allow the polymerization reaction to go to completion and pre-electrophoresed for 2 h before the samples were loaded, to eliminate polar impurities. The 50 bp ladder (Invitrogen) was run in each gel as a normal mobility marker. The mobilities of all DNA fragments were calculated from the equation below:
where m obs is the observed mobility, d is the distance migrated in the gel in cm, E is the applied electric field strength in V/cm and t is the migration time in seconds. All gels were run in triplicate; the average standard deviation of the mobilities was ±3%.
The anomalous mobilities of the parent 199 bp fragment and its A-tract derivatives were quantitated by calculating mobility ratios, m R ¼ m curved /m normal , for each of the target fragments, taking the mobility of a normal 199 bp fragment from the equation of the line describing the mobility of fragments in the 50 bp ladder run in the same gel. The mobility ratios calculated for the 199 bp fragment and its A-tract derivatives from three gels run in triplicate were then averaged and used to calculate mobility decrements, m decr , which are defined by
The mobility decrements may be thought of as shape factors characterizing the apparent curvature of a DNA fragment as determined by electrophoresis.
Capillary electrophoresis
The free solution mobilities of the various DNA samples were measured in a Beckman Coulter P/ACE MDQ Capillary Electrophoresis System, operated in the anodic migration mode (anode on the detector side) with UV detection at 254 nm. Migration times and peak profiles were analyzed using the 32 KaratÔ software, using methods described previously (21, 22) . Coated capillaries, 40 cm in length (30 cm to the detector) and 75 or 100 mm in internal diameter, were used to eliminate the electroosmotic flow (EOF) of the solvent. Previous studies have shown that DNA electrophoretic mobilities measured in coated capillaries are independent of the particular polymer used to coat the capillary wall, and that the free solution mobilities measured by capillary electrophoresis are equal to those observed by other methods (21) . Hence, the DNA molecules do not interact with the capillary wall during electrophoresis.
The running buffer used for all experiments was 40 mM TAE buffer (defined above). The capillary was filled with buffer alone; no entangled linear polymers were present. The DNA samples, diluted to a concentration of $50 ng/ml, were pressure injected for 3 s at 20 psi (0.0035 MPa); the sample zone comprised 0.9% of the capillary volume. The applied electric field was 200 V/cm; the temperature of electrophoresis was 20 ± 0.1 C. Control experiments showed that the mobilities were independent of electric field strength and DNA concentration under the chosen conditions. Each DNA sample was analyzed separately, to prevent the overlap of peaks with similar mobilities. As a control, two samples with widely differing mobilities were occasionally electrophoresed together to verify the mobility differences measured separately. The migration times of all samples were measured at least 2-3 times under a given set of conditions; the average standard deviation of the measurements was ±0.04%, with a maximum day-to-day variation of ±0.2%.
The free solution mobilities of the various members of the 199 bp 'family' and the corresponding mobility decrements were calculated from Equations 1 and 2. No corrections were needed for the EOF of the solvent, which was negligible. However, the mobilities of three of the A-tract mutants were measured in capillaries that were different from the one used for the majority of the measurements. To correct for the mobility differences caused by differences in the residual EOF in different capillaries, the mobility of the parent 199 bp fragment was measured in all three capillaries and corrected to the value measured in the original capillary, using the following equation:
where m parent,new cap is the mobility of the parent fragment measured in the new capillary, m parent,first cap is the mobility of the parent fragment measured in the first capillary and Dm is the difference between the mobilities measured in the two capillaries. The mobilities of derivatives measured in the new capillary, m derivative,new cap , were then corrected to the value that would have been observed in the first capillary, m derivative,first cap , using the following equation:
The mobility correction was $2% for one capillary and $8% for the other capillary. As a control, the mobilities of two of the sequence mutants that had been measured in the original capillary were remeasured in one of the new capillaries and were corrected using Equation 4. The corrected mobilities were independent of the capillary in which the mobilities were measured.
Fitting equation
To test the additivity of the mobility decrements observed for each of the A-and T-tracts in the curvature module, mobilities were calculated for the parent 199 bp fragment and each of its A-tract mutants, using the following equation:
where (Dm/m) i is the mobility decrement calculated for the i-th mutant, the (Dm/m) j are the mobility decrements of the five derivatives, j, containing single A-or T-tracts, and the a i are structural parameters equal to 1 if a particular A-tract is present in the ith mutant and 0 otherwise. No other weighting factors were used. Mobilities were calculated for the 199 bp fragment and each of its A-tract mutants, assuming initially that the five (Dm/m) j were equal to those observed experimentally and that the mobility decrements of the parent 199 bp fragment and fragment 199K, with no A-or T-tracts, were equal to those observed experimentally. The calculated mobilities were then summed and compared with the sum of the experimental mobility decrements. The calculation was repeated iteratively, choosing different values for the five initial (Dm/m) j , until the mean square difference between the calculated and measured mobility decrements,
RESULTS AND DISCUSSION
The parent 199 bp SV40 restriction fragment was modified by site-directed mutagenesis, generating 31 derivatives with all possible combinations of the A-and T-tracts in the curvature module (Scheme 1). Efforts were made to minimize the sequence changes in the various mutants: the A 6 -tract in the curvature module was modified to TCTAGA or AACGAA; the A 4 -tracts were mutated to ACGA or CTAG; the A 3 T 4 -tract was mutated to ATCTAGA or AACGTTT; and the T 7 -tract was modified to TCTAGAT or TTCGTTT. The names of the various derivatives, each of which contained 198 or 199 bp, are given in the first column of and T 7 sequence motifs, to test the effect of small changes in phasing on the observed mobility anomalies. No significant differences in the gel mobility decrements were observed for 198 and 199 bp derivatives containing the A 6 and T 7 sequence motifs. The parent 199 bp fragment and its A-tract mutants were first characterized by PAGE. A photograph of a typical gel is shown in Figure 1A , where it can be seen that the various members of the 199 bp family exhibited a wide range of mobilities, even though their molecular weights were virtually identical. The mobilities calculated for the parent 199 bp fragment and its A-tract mutants are compared with the mobilities observed for the normal fragments in the 50 bp ladder in Figure 1B . The slowest mobility was observed for the parent 199 bp fragment. The various A-tract derivatives migrated progressively more rapidly as the number of A-tracts in the curvature module was decreased, until fragment 199K, with no A-or T-tracts in the curvature module, migrated with a mobility approximately equal to that of the 200 bp marker fragment. Since fragment 199K also exhibits normal transient birefringence relaxation times (14) , the conformation of this fragment is that of normal DNA. Hence, the A-and T-tracts in the 199A, 199B, 199C, 199D, 199E, 199F, 199G, 199H, 199I, 199J, 199K, 198A, 198B, 198C and 198D (Table 1) curvature module shown in Scheme 1 are responsible for the curvature of the parent 199 bp fragment, rather than the intervening sequences between the A-tracts. The gel mobility decrements calculated for the 199 bp fragment and its Atract mutants using Equation 2 are compiled in column 7 of Table 1 . The free solution mobilities of the parent 199 bp fragment and its A-tract mutants were measured by capillary electrophoresis; a typical electropherogram observed for the 199 bp fragment is illustrated in the inset of Figure 2 . The free solution mobilities of normal DNA molecules of different sizes are plotted as the closed circles in the main part of Figure 2 . As observed previously (21) , the free solution mobilities of small DNA molecules increase with increasing molecular weight, before leveling off and becoming constant at molecular weights above $400 bp. The increase in mobility with increasing DNA molecular weight can be attributed to the greater solvent friction experienced by small, relatively rigid DNA oligomers (23) . This effect gradually becomes less important with the onset of coiling and free draining effects at higher molecular weights (23) (24) (25) . Surprisingly, the free solution mobilities observed for the parent 199 bp fragment and its A-tract mutants (except fragment 199K, with no A-or T-tracts) fall below the curve describing the mobilities of normal DNA molecules of the same size, as shown by the open circles in Figure 2 . Hence, curved DNA molecules migrate anomalously slowly in free solution, just as they do in polyacrylamide gels. The free solution mobility decrements observed for the parent 199 bp fragment and its A-tract mutants are compiled in the last column of Table 1 . Although the absolute values of the mobility decrements observed in polyacrylamide gels and free solution differ by more than an order of magnitude, the mobility decrements are highly correlated, as shown in Figure 3 . Hence, both electrophoretic techniques are sensitive to DNA curvature.
In polyacrylamide gels, DNA mobilities are determined primarily by sieving effects, owing to the fact that only a fraction of the pores in the gel matrix are large enough to accommodate the migrating DNA molecules (13, 21) . To obtain the intrinsic mobilities of curved and normal DNA molecules of the same size, the observed gel mobilities must be extrapolated to zero gel concentration (N. C. Stellwagen, manuscript in preparation). The extrapolated mobilities of curved DNA molecules are lower than those of normal DNAs containing the same number of base pairs, as observed here for the free solution mobilities of the 199 bp fragment and its A-tract derivatives. Molecular weight sieving effects in the polyacrylamide gel matrix thus amplify the intrinsic mobility differences between curved and normal DNAs.
In free solution, gel matrix sieving effects do not exist, and the intrinsic mobilities of curved and normal DNA fragments can be measured directly, using capillary electrophoresis. It is important to realize that the anomalously slow mobilities observed for curved DNA molecules in free solution can be compared only with the mobilities of normal DNAs containing the same number of base pairs, because the relative importance of solvent friction varies with molecular weight (23) . Therefore, it is not possible to calculate an 'effective size' of curved DNA molecules in free solution based on their anomalously slow electrophoretic mobilities.
To test the additivity of the mobility decrements observed for the various A-and T-tracts in the curvature module, mobility decrements were calculated for the parent 199 bp fragment and its A-tract derivatives by assuming that each A-or T-tract contributed the same amount of curvature to each derivative in which it was present. The mobility decrements of mutants containing single A-or T-tracts were taken to be the optimized mobility decrements obtained from the fitting procedure described above. The fitted mobility decrements of the five mutants containing single A-or T-tracts are compared with the experimentally measured values in Table 2 . The fitted and measured gel mobility decrements are very similar for all five mutants. The agreement is not as good as that for the fitted and measured free solution mobility decrements, most likely because of greater experimental error in measuring the very small mobility decrements of derivatives containing only a single A-or T-tract. Nevertheless, the fitted and measured free solution mobility decrements exhibit the same trends. The fitted mobility decrements of the five mutants containing single A-or T-tracts were used to predict the mobilities of mutants containing two or more A-tracts. The predicted gel and free solution mobility decrements are compared with the measured mobility decrements in Figure 4 . In both polyacrylamide gels and free solution, there is a strong correlation between the measured mobility decrements and those predicted by assuming that each A-or T-tract contributes a constant degree of bending to the curvature module. The average standard deviation of the predicted and measured mobility decrements was ±1.2 for the gel mobility decrements (6.8%) and ±0.12 for the free solution mobility decrements (7.6%). Very similar results were obtained by using the measured mobility decrements of mutants containing single A-or T-tracts to predict the mobility decrements of the other A-tract mutants (data not shown). Hence, the individual A-and T-tracts in the curvature module contribute in an additive manner to the total curvature of the parent 199 bp DNA fragment, even though the A-and T-tracts are of variable lengths and have a variable spacing with respect to each other.
The linear dependence of the mobility decrements on curvature differs from the dependence of relative length on the square of DNA curvature observed for oligomer ladders containing phased A-tracts (7), and the dependence of relative mobility on the cosine of one-half of the bend angle, observed for DNA fragments containing phased A-tracts in their centers (6) . The latter relationship is close to the linear dependence observed here, since, for small values of the bend angle, a, cos a/2 % a/2. The type of DNA sequence in the latter study is also closer to the A-tract mutants studied here since, in both cases, a region of curvature in the center of the fragment is flanked by long stretches of normal DNA on either side.
The gel and free solution mobility decrements obtained for derivatives with a single A-or T-tract are plotted in Figure 5 as a function of the number of helical turns (10.4 bp) between the particular A-or T-tract and the A 6 -tract at the beginning of the curvature module. The mobility decrements observed for the A 4 T, A 3 T 4 and T 7 sequence motifs, which are approximately in phase with each other and with the initial A 6 -tract in the curvature module, decrease progressively with the increasing number of helical turns between the particular A-or T-tract and the initial A 6 -tract. A relatively small mobility decrement is observed for the A 4 -tract nearest to the apparent bend center, apparently because this A-tract is nearly out-of-phase with the initial A 6 -tract and with the adjacent A 4 T-and A 3 T 4 -tracts. Hence, the phasing of the A-and T-tracts that follow the first A-tract in the curvature module, and the distance between the initial A-tract and subsequent A-and T-tracts, determine the relative contribution of each A-or T-tract to the curvature of the parent 199 bp fragment.
CONCLUDING REMARKS
The parent 199 bp SV40 restriction fragment and derivatives containing one or more A-or T-tracts in the curvature module migrate anomalously slowly in free solution, as well as in polyacrylamide gels. Hence, the anomalously slow mobilities observed for curved DNA molecules in polyacrylamide gels are due, in part, to the fact that curved DNA molecules have intrinsically lower electrophoretic mobilities than normal DNAs containing the same number of base pairs. The good correlation between the mobility decrements observed in polyacrylamide gels and in free solution indicates that polyacrylamide gels do not introduce artifacts into the mobility measurements. Rather, the intrinsic free solution mobility differences between curved and normal DNA molecules of the same size are enhanced by the sieving effect of the polyacrylamide gel matrix, which preferentially retards the migration of curved DNA molecules. The curvature module in the VP1 gene of SV40 contains five unevenly spaced A-and T-tracts that contribute in an additive manner to the total curvature of the helix backbone. However, the various A-and T-tracts are not equally important. In particular, the A 4 -tract near the apparent bend center contributes very little to the observed curvature, most likely because it is nearly out of phase with the initial A 6 -tract in the curvature module and with the adjacent A 4 T-and A 3 T 4 -tracts.
The biological function of curvature in the middle of the VP1 gene in SV40 is not clear. The apparent bend center forms the boundary of a strong nucleosome positioning signal in vitro (26) . However, nucleosomes are excluded from this site in vivo (27) , leading to speculation that it might be involved in the formation of higher order nucleosome structures (27) .
The anomalously slow electrophoretic mobilities observed for the 199 bp fragment and its A-tract mutants suggest that the A-and T-tracts in the curvature module bind additional monovalent counterions, decreasing the effective net charge of the various members of the 199 bp family and consequently decreasing their free solution mobilities. Similar decreases in mobility upon monovalent counterion binding have been observed for small DNA oligomers containing A-tracts (28) . These results are consistent with recent studies (29) indicating that DNA curvature results in the net crowding of the charged phosphate residues, leading to a net increase in counterion condensation and a corresponding increase in charge neutralization. The additivity of the mobility decrements observed for the 199 bp fragment and its A-tract mutants indicates that each A-or T-tract in the curvature module binds counterions independently, as expected for an electrostatic interaction between DNA and its counterions. However, phasing effects also appear to be important, since the magnitude of the mobility decrements observed for derivatives containing a single A or T-tract depends on the spacing between that A-or T-tract and the first A-tract in the curvature module.
